Birch pollinosis is one of the prevailing allergic diseases. In all, 5 -20% of birch pollinotics mount IgE antibodies against the minor birch pollen allergen Bet v 4, a Ca 2þ -binding polcalcin. Due to IgE cross-reactivity among the polcalcins these patients are polysensitized to various plant pollens. Determination of the high-resolution structure of holo Bet v 4 by heteronuclear NMR spectroscopy reveals a canonical two EF-hand assembly in the open conformation with interhelical angles closely resembling holo calmodulin. The polcalcin-specific amphipathic COOH-terminal a-helix covers only a part of the hydrophobic groove on the molecular surface. Unlike the polcalcin Phl p 7 from timothy grass, which was recently shown to form a domain-swapped dimer, the hydrodynamic parameters from NMR relaxation, NMR translational diffusion, and analytical ultracentrifugation indicate that both apo and holo Bet v 4 are predominantly monomeric, raising the question of the physiological and immunological significance of the dimeric form of these polcalcins, whose physiological function is still unknown. The reduced helicity and heat stability in the CD spectra, the poor chemical shift dispersion of the NMR spectra, and the slightly increased hydrodynamic radius of apo Bet v 4 indicate a reversible structural transition upon Ca 2þ binding, which explains the reduced IgE binding capacity of apo Bet v 4. The remarkable structural similarity of holo Bet v 4 and holo Phl p 7 in spite of different oligomerization states explains the IgE cross-reactivity and indicates that canonical monomers and domain-swapped dimers may be of similar allergenicity. Together with the close structural homology to calmodulin and the hydrophobic ligand binding groove this transition suggests a regulatory function for Bet v 4.
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Introduction
Birch pollinosis is one of the prevailing allergic diseases in regions with birch trees, such as Northern and Central Europe and Northern America, and causes clinical syndromes like hay fever and asthma. The symptoms of this type I allergy are caused by an immune response, which is triggered when two receptor-bound immunoglobulin E (IgE) antibodies on the surface of a mast cell or basophil are cross-linked by simultaneous binding of an otherwise harmless antigen, the so-called allergen. 1 The 17.4 kDa major birch (Betula verrucosa) pollen allergen Bet v 1 is responsible for IgE binding in more than 95% of birch pollen allergic patients, 2 and due to cross-reaction of Bet v 1 specific IgE antibodies with food allergens sharing a virtually identical tertiary structure with Bet v 1 3 -8 up to 70% of birch pollinotic patients also show hypersensitivity to fresh fruit or vegetables. 9 In addition to Bet v 1, six minor birch pollen allergens have been identified so far. 9 Between 5% and 20% of birch pollinotics mount IgE antibodies against the 9.4 kDa minor birch pollen allergen Bet v 4, an acidic two EF-hand Ca 2þ -binding polcalcin. 10, 11 A series of allergenic polcalcins have been reported in the literature, namely Aln g 4 from alder (Alnus glutinosa), 12 Ole e 3 from olive (Olea europaea), 13, 14 Syr v 3 from lilac (Syringa vulgaris; Ledesma et al., unpublished), Bra n 1 or BPC1 and Bra n 2 from oilseed rape (Brassica napus) as well as Bra r 1 and Bra r 2 from turnip rape (Brassica rapa), 15 -18 Phl p 7 from timothy grass (Phleum pratense), 19 and Cyn d 7 from Bermuda grass (Cynodon dactylon). 20, 21 Aln g 4, Syr v 3, Bra n 1 or BPC1, Bra n 2, Bra r 1, Bra r 2 and Phl p 7 as well as the polcalcin APC1 from mouse-ear cress (Arabidopsis thaliana), 18 however, have not been included in the official allergen list of the International Union of Immunological Societies (IUIS) yet and the allergen designations Bra n 1 and Bra r 2 even conflict with two unrelated allergens. 22 These polcalcins share more than 65% sequence identity with Bet v 4 ( Figure 1 ) and due to their widespread distribution over the plant kingdom and their high IgE cross-reactivity 10 -13,17,19 -21 they might constitute so-called panallergens. 23 The polcalcins, whose physiological function is still unknown, are specifically expressed in anthers and pollen 10,14,15,17 -21,24,25 and therefore no IgE cross-reactive food allergens have been described. , Ole e 3 (79.5%), Syr v 3 (77.5%), Bra n 1 (74.4%), Bra n 2 (73.2%), Phl p 7 (68.8%), Cyn d 7 (68.4%), the NH 2 -terminal (36.6%) as well as the COOH-terminal (41.5%) domain of calmodulin from Homo sapiens, the NH 2 -terminal (35.5%) as well as the COOH-terminal (34.3%) domain of troponin C from Gallus gallus, parvalbumin from Cyprinus carpio (27.8%), and calbindin D 9k from Bos taurus (27.4%). Bra r 1 and Bra r 2 are identical with Bra n 1 and Bra n 2, respectively. The initiating methionine of the polcalcins, which is posttranslationally cleaved off during recombinant production in E. coli 10, 14 and therefore not visible in the NMR spectra of holo Bet v 4, was omitted. The sequence positions above the sequences correspond to Bet v 4. Gaps in the alignment are indicated by dots. Residues conserved in at least eight of the 14 domains are highlighted by gray boxes, residues conserved in all 14 domains by black boxes. Residues involved in the Ca 2þ ligation are indicated by an O below the alignment. The secondary structure elements including the Ca 2þ binding loops of the two EF-hands of holo Bet v 4 are also shown below the alignment and are identical with those of holo Phl p 7 except that the NH 2 -terminal helix of holo Phl p 7 starts from Asp2 corresponding to Ala9 of Bet v 4. Troponin C contains an additional a-helix at the NH 2 terminus, parvalbumin even an additional non-functional EFhand. The Ca 2þ binding loop of the first EF-hand of calbindin D 9k contains two additional residues and primarily uses backbone carbonyl oxygen atoms for Ca 2þ ligation. The alignment was performed manually and formatted using ALSCRIPT. 91 Polcalcin accumulation at the tip of growing pollen tubes 18, 24, 25 suggests a correlation with the tipfocused Ca 2þ gradient which determines the direction of pollen tube growth. 10,18,19,21,23 -26 The polcalcins are rapidly washed out of the cytosol upon pollen hydration, 10, 13, 18, 19, 24, 25, 27 which explains the allergenicity of the intracellular polcalcins. Although the polcalcins are minor allergens in terms of IgE binding prevalence, human basophil histamine release assays and skin prick tests revealed remarkable allergenic potency in affected patients. 12, 19 In addition, sensitization to polcalcins appears to be associated with allergic cross-reactions to other calcium-binding pollen allergens like Bet v 3 from birch (Betula verrucosa) and Jun o 4 from prickly juniper (Juniperus oxycedrus) 28 or Ole e 8 from olive (Olea europaea), 29 although their sequence identity with the polcalcins is almost completely restricted to the EF-hand motifs themselves. Since Ca 2þ depletion decreases binding of the IgE antibodies of many patients to the polcalcins 10 -12,16,19 -21,29 sitedirected mutagenesis of the Ca 2þ -ligating sidechains that abolishes the ability of the polcalcins to bind Ca 2þ has been proposed for the production of hypoallergenic vaccines for a patient-tailored specific immunotherapy with reduced anaphylactic side effects. 12, 16, 19, 23, 26 The recently determined crystal structure of holo Phl p 7 (Protein Data Bank (PDB) access code 1K9U) surprisingly revealed a domainswapped dimer. 26 Since the three-dimensional structure of at least one more polcalcin is a prerequisite for a detailed understanding of the clinically observed IgE cross-reactivity on the structural level, we determined the high-resolution three-dimensional structure of holo Bet v 4 in solution and verified its oligomerization state by NMR and analytical ultracentrifugation measurements.
Results and Discussion
Sequence-specific resonance assignments and structure determination Sequence-specific resonance assignment allowed identification of all of the 81 backbone amide resonances ( Figure 2) (Figure 3) . The Ca 2þ coordination does not involve any protons and hence the NMR spectra do not contain any direct structural information about the Ca 2þ coordination itself, which was assumed to follow the canonical EF-hand pattern 30 and modeled accordingly. This assumption is supported by several conclusive lines of evidence: first, the corresponding amino acid residues are highly conserved (Figure 1) ligation. Finally, the slowly exchanging hydroxyl protons of Ser27 and Ser62 indicate that in addition to their function as helix N-caps by accepting hydrogen bonds from the amide groups of Glu30 and Glu65, respectively, these hydroxyl groups also serve as hydrogen bond donors to stabilize the network of water molecules contributing the seventh ligand of each of the two Ca 2þ ( Figure 5 ), which is not provided by canonical EFhand proteins. 30 The 25 accepted structures of holo Bet v 4 showed no single distance restraint violation of more than 0.30 Å and no systematic violation of more than 0.15 Å . An analysis with PROCHECK 3.4 32 revealed a virtually perfect Ramachandran plot with 94.2% of the non-glycine and non-proline residues in the most favored regions and the remainder in the additional allowed regions. The low value of 0.18(^0.06) Å for the cross-validated root mean square deviations (RMSDs) from the test set distance restraints of the set of 210 accepted structures out of a total of 600 structures calculated for complete cross-validation 33 provides further evidence for the excellent quality of the solution structure of holo Bet v 4.
Description of the structure and dynamics
Except for the NH 2 -terminal residues from Ala1 to His4, holo Bet v 4 shows a well defined structure in solution (Figure 4 ) with an average atomic RMSD from the average structure of 0.22 Å for the backbone and 0.57 Å for all heavy atoms. A schematic representation of the solution structure of holo Bet v 4 ( Figure 5 ) reveals two canonical EF-hands in the open conformation formed by the helices a 1 (residues 5-18) and a 2 (28 -38, with the last turn following a 3 10 geometry) with an interhelical angle 34 of 101.5(^0.9)8 and a 3 (43 -53) and a 4 (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) with an interhelical angle of 96.9(^1.0)8, which are paired via a short antiparallel b-sheet formed by the strands b 1 (25 -27) and b 2 (60 -62) . The two EF-hands are also connected by a large hydrophobic core around the aromatic side-chain of the highly conserved Phe15 (Figure 1) , suggesting that the almost complete loss of IgE reactivity of a holo Bet v 4 fragment lacking the NH 2 -terminal residues up to Phe15 11 is caused by disruption of the native fold. The COOH-terminal residues 74 -84, which are highly conserved among the polcalcins but discriminate the polcalcins from the other EF-hand proteins ( Figure 1 ) and can therefore be expected to be of particular significance for both their allergenicity and their physiological function, form an additional helix a 5 with pronounced amphiphilicity, whose hydrophobic face packs into the hydrophobic groove formed by helices a 1 and a 2 ( Figure 5 ). However, this packing still leaves a major part of this hydrophobic groove solvent-exposed ( Figure 6 ). Analysis of the 15 N relaxation data ( Figure 3 ) and spectral density values obtained by reduced spectral density mapping (RSDM) (data not shown) reveals that the NH 2 -terminal residues are indeed highly flexible, with large-amplitude backbone motions on the sub-nanosecond time-scale as revealed by low generalized order parameters S 2 : The short linker region between the two EF-hands formed by residues Gly39 to Ser42 also has increased backbone flexibility on the sub-nanosecond time-scale. In contrast, the amide group of Phe18, whose aromatic side-chain constitutes a key element of a large hydrophobic core connecting and fixing the helices a 1 , a 2 , and a 5 , is involved in exchange processes on a slower time-scale as indicated by enhanced transverse relaxation especially at 750 MHz. Enhanced transverse relaxation at 750 MHz also suggests that the antiparallel bsheet pairing of the two EF-hands is affected by exchange processes on a slower time-scale. The dynamics of the amphipathic COOH-terminal helix a 5 appears to be more complex, with both moderate sub-nanosecond motions as indicated by slightly reduced { 1 H}
15
N NOE values and exchange processes on a slower time-scale as indicated by slightly enhanced transverse relaxation especially at 750 MHz.
Hydrodynamics and oligomerization state
The ratios between 15 N longitudinal and transverse relaxation rates at 600 MHz also allowed the determination of the rotational diffusion tensor based on the lowest energy structure of holo Bet v 4. In the fully anisotropic case, the principal axes of the rotational diffusion tensor coincide with the corresponding principal axes of the tensor of inertia with deviations of less than about 108. 35 of t A ¼ 6:1 ns, t B ¼ 5:9 ns, and t C ¼ 5:4 ns constitutes a satisfying approximation for our purposes. NMR translational diffusion measurements yielded a hydrodynamic radius of 17.8(^0.4) Å corresponding to a compaction factor 36 of 94(^21)% for holo Bet v 4. A continuous size distribution 37 -39 was fitted to the results of sedimentation velocity experiments performed on holo Bet v 4 at four different concentrations between 120 mM and 900 mM. A best-fit weightaveraged ratio of the frictional coefficient of the protein f to that of an anhydrous sphere f 0 of 1.250 for all species and concentrations was also obtained with this fit. The resulting continuous size sedimentation coefficient profiles cðsÞ demonstrate that holo Bet v 4 is predominantly monomeric Solution Structure of the Birch Allergen Bet v 4 /second for dimeric holo Bet v 4, corresponding to hydrodynamic radii of 17.9(^0.2) Å and 22.2(^0.2) Å , respectively. A noninteracting discrete species model was also fitted to the sedimentation velocity data, confirming the presence of a monomeric (more than 80%) and a dimeric (less than 20%) fraction (data not shown). An independent confirmation was obtained by fitting a non-interacting discrete species model to the results of sedimentation equilibrium experiments at initial concentrations between 120 mM and 900 mM. The monomeric molar mass was kept fixed at the theoretical value of 9.396 kDa. The low RMSD values demonstrate the high quality of these fits. Averaged over all initial concentrations the monomeric fraction comprised 88.5(^1.7)% of the total holo Bet v 4 content, the molar mass of the other species in solution varied between 25 kDa and 33 kDa. To determine whether holo Bet v 4 follows a self-association pattern, a monomer-dimer or a monomer-trimer model were also fitted to the sedimentation equilibrium data (data not shown). The global fit based on data at 16,000 rpm, 20,000 rpm, and 24,000 rpm and initial concentrations in the range of 120-900 mM was not of sufficient quality to support the monomer-dimer (K 1,2 ¼ 446 M , RMSD 0.157) model as indicated by the non-random distribution of points about the zero value of the residual plots, the high RMSDs, and the extremely low association constants K 1,n : In addition, the fact that the curves of apparent molar mass versus initial concentration do not superimpose in the diagnostic graph indicates that a concentration-dependent reversible self-association can be discounted. Therefore, on the time-scale of analytical ultracentrifugation of several hours the dimer appears not to be in equilibrium with the monomer and suggests that holo Bet v 4 does not self-associate under the solution conditions employed. For comparison, the hydrodynamic parameters of holo Bet v 4 were also calculated based on a prolate ellipsoid of revolution 35, 40, 41 with semi-axes of 19.5 Å and 13.6 Å , which has the same tensor of inertia and radius of gyration as the 25 42 This simple model allows the quantitative prediction of both the translational and rotational diffusion of holo Bet v 4 to remarkable accuracy, with deviations from the experimental values of only a few percent (Table 3) .
NMR translational diffusion measurements on apo Bet v 4 yielded a slightly increased hydrodynamic radius of 18.9(^0.4) Å corresponding to 12 at 2z) at the vertices of a pentagonal bipyramid is shown in balland-stick-representation with carbon, nitrogen, and oxygen atoms color-coded dark gray, blue, and red, respectively. Like in other canonical EF-hands the ligand position 2x appears to be occupied by water molecules stabilized by hydrogen bonds with the slowly exchanging hydroxyl proton of Ser27 or Ser62. The hydroxyl groups of Ser27 and most likely Ser62 (the definition of the hydroxyl group of Ser62 by the experimental restraints is not precise enough for conclusive judgement) also serve as N-caps of the helices a 2 and a 4 by accepting hydrogen bonds from the amide groups of Glu30 and Glu65, respectively. The The electric charge of the sidechain of His48 depends on pH, at pH 6.0 it is predominantly protonated. The COOH-terminal helix a 5 does not cover the hydrophobic groove lined by negatively charged residues completely. Formation of the domain-swapped dimer of holo Phl p 7 closes this hydrophobic groove, resulting in a hydrophobic cavity which is no longer solventaccessible. 26 The Figure 
Comparison with Phl p 7
The excellent agreement of the hydrodynamic parameters derived from different experimental methods (Table 3 ) leaves no doubt that both apo and holo Bet v 4 are predominantly monomeric in all samples tested, corroborating the results of early cross-linking experiments. 10 In contrast, the recently determined crystal structure of holo Phl p 7 surprisingly revealed a domain-swapped dimeric assembly, and size-exclusion chromatography indicated that both apo and holo Phl p 7 are exclusively dimeric at neutral and slightly acidic pH. 26 In spite of the different oligomerization state the secondary and tertiary structure of holo Bet v 4 and holo Phl p 7 are remarkably similar (Figure 8) , with a backbone atomic RMSD of 1.30 Å for all but the four residues Gly39 to Ser42 linking the EF-hands. Interestingly, this even holds for the COOH-terminal helix a 5 , in spite of its marked distortion in holo Phl p 7 to alleviate steric clashes at the tightly packed dimer interface. 26 Hence, most of the IgE epitopes are unlikely to be affected by the domain-swapping dimerization, which suggests that canonical monomers and domain-swapped dimers may be of similar allergenicity and explains the clinically observed IgE cross-reactivity between holo Bet v 4 and holo Phl p 7, although it should be noted that in the immunological characterizations of polcalcins the oligomerization state has rarely been investigated. Within their limited signal-to-noise ratio the NMR spectra of holo Bet v 4 only contain a single set of resonances (Figure 2) , which has to be attributed to the monomer. However, since the signal-tonoise ratio of any distinct minor species at low abundance further attenuated by significantly faster transverse relaxation than the monomer cannot necessarily be expected to allow a reliable detection and identification, it remains unclear whether the holo Bet v 4 samples used for NMR spectroscopy contained a small dimeric fraction as well, and only little is known about the small dimeric fraction in the sample used for analytical ultracentrifugation. By analogy to the extremely slow transition between monomeric and domainswapped dimeric holo calbindin D 9k P43M, which proceeds via calcium-free transition states requiring weeks to months and could be trapped by crystallization, 43 the high kinetic barrier of the monomer -dimer transition in the sedimentation equilibrium experiments indeed suggests domainswapping as the dimerization mechanism for the small fraction of holo Bet v 4. These findings raise the question why Phl p 7, unlike Bet v 4 and all the other EF-hand proteins and regardless of its calcium-binding state, appears to occur exclusively as a domain-swapped dimer. The fact that both apo and holo Bet v 4 were predominantly monomeric in all samples tested, whereas both apo and holo Phl p 7 were exclusively dimeric under all conditions tested argues against, but cannot rule out, a merely kinetic effect. Unfortunately, none of the three putative reasons put forward to explain the domain-swapping dimerization of apo and holo Phl p 7 26 explains the different behavior of Bet v 4 and Phl p 7, nor does the crystal structure of holo Phl p 7 26 support the formation of an intermolecular disulfide bridge by its single cysteine (Figure 1 ). Again by analogy to holo calbindin D 9k P43M, the replacement of the residue corresponding to Pro43 in the linker region between the two EF-hands of Bet v 4 by alanine (Figure 1 ) might favor the domain-swapping dimerization of holo Phl p 7, although this linker is markedly different in calbindin D 9k , where the proline under consideration even shows a cis-trans isomerism 44 not observed in the polcalcins. Alternatively, the shortness of the NH 2 -terminal helix a 1 of holo Phl p 7 ( Figure 1 ) might favor its participation in the tight packing at the interface of the domainswapped dimer. 26 Ultimately, finding the reason for the proneness of Phl p 7 to domain-swapping should allow the design of experiments elucidating the immunological and functional significance of the dimeric form of the polcalcins by deliberately influencing their monomer-dimer equilibrium.
Characterization of the structural transition upon Ca 21 depletion
The three-dimensional structure of the apo forms of the polcalcins is still completely unknown. The slightly larger hydrodynamic radius of apo Bet v 4 compared to holo Bet v 4 in the NMR translational diffusion and analytical ultracentrifugation measurements (see above) corroborates the results of earlier gel electrophoresis, gel filtration, and size exclusion chromatography experiments on Bet v 4 and other polcalcins. 10, 18, 26 Depletion of Ca 2þ also causes a reversible reduction of the apparent helicity of Bet v 4 in the CD spectrum (Figure 9 ), again corroborating the results of earlier studies on Bet v 4 and other polcalcins. 10, 12, 14, 19, 29 Like Aln g 4 12 and Phl p 7, 19 the secondary structure of holo Bet v 4 remains stable even at temperatures close to the boiling point of the solvent, whereas apo Bet v 4 is subject to cooperative thermal denaturation at t m ¼ 47 8C (Figure 9 ). In addition, the NMR spectra of apo Bet v 4 no longer exhibit the characteristic shift of several amide resonances in the Ca 2þ binding loops of holo Bet v 4 to low field and show markedly poorer chemical shift dispersion (Figure 2) . These findings clearly demonstrate that Ca 2þ binding to Bet v 4 causes a substantial reversible transition of the tertiary structure, which explains the reduced affinity of the IgE antibodies of many patients to apo Bet v 4 compared to holo Bet v 4. 10 What is more, the reduction of the apparent helicity and heat stability in the CD spectra as well as the reduction of the chemical shift dispersion of the NMR spectra of Bet v 4 closely resemble the effects of Ca 2þ depletion on the CD and NMR spectra of calmodulin, although unlike the apparent helicity in the CD spectrum the actual a-helicity of apo calmodulin is similar to holo calmodulin. 34,45 -47 In contrast to EF-hand proteins with a Ca 2þ buffering function like parvalbumin and calbindin D 9k , 48 EF-hand proteins with a regulatory function like calmodulin 34,45 -47 and troponin C undergo a substantial rearrangement of the relative orientation of the a-helices of each EF-hand from the closed (interhelical angle about 1308) to the open (interhelical angle about 1008) conformation upon Ca 2þ binding, which exposes a large hydrophobic patch on the molecular surface to allow the interaction with the target proteins for signal transduction. 30, 49 Bet v 4 not only shows higher sequence identity to EF-hand proteins with a regulatory than a Ca 2þ buffering function (Figure 1) , it also undergoes a substantial reversible structural transition upon Ca 2þ binding similar to calmodulin (see above) to adopt the canonical two EF-hand assembly in the open conformation ( Figure 5 ; Table 4 ), thereby exposing a large a Backbone atomic RMSD from the average structure of holo Bet v 4 (PDB access code 1H4B) over the equivalent residues (Figure 1 ) without the unstructured NH 2 -terminal residues 1-4 and the COOH-terminal residues 73-84 forming the amphipathic helix a 5 .
b Calculated using the algorithm of Kuboniwa et al. hydrophobic groove which is only partly covered by the polcalcin-specific amphipathic COOH-terminal helix a 5 ( Figure 6 ). These findings strongly suggest that Bet v 4 serves a regulatory rather than a Ca 2þ buffering function. Based on the slightly less negative electrostatic potential of the hydrophobic groove of Bet v 4 ( Figure 6 ) the putative target peptides are expected to be less basic than those of calmodulin, but the identity of the target peptides, the binding stoichiometry, and the exact role of the polcalcin-specific amphipathic COOH-terminal helix a 5 remain to be determined. Screening of appropriate peptide ligands is therefore under way in our laboratory, as is the determination of the high-resolution three-dimensional structure of apo Bet v 4 to provide a more accurate picture of the reversible structural transition triggered by changes in the calcium concentration, which is so central to both the IgE reactivity and the physiological function of the polcalcins.
Materials and Methods

Expression and purification of apo and holo Bet v 4
Overexpression of tagless Bet v 4 was performed in E. coli BL21(DE3) using the expression vector pMW175. 10 Cultures were grown at 37 8C to an A 600 nm of 0.8 -0.9 in LB medium or M9 50 minimal medium containing 100 mg/ml ampicillin. M9 medium contained the trace element solution TS2, 51 2 mM MgSO 4 , 10 mM Fe(III) citrate, 0.1 mM CaCl 2 , and 80 mg/l glucose. 15 N and 13 C/ 15 N labeled Bet v 4 was overexpressed in M9 minimal medium with 15 NH 4 Cl and [ 13 C 6 ]glucose. Expression was induced by adding IPTG to a final concentration of 1 mM. After induction, cultures were incubated at 37 8C for three or four hours. The cell pellet was collected by centrifugation and frozen. For the preparation of holo Bet v 4 the cells were dissolved in 20 mM Tris, 2 mM CaCl 2 (pH 8.0; 4 ml/g cell pellet) containing one tablet of Protease inhibitor cocktail (Roche, Mannheim, Germany) and disrupted by repeated freezing and thawing. The extract was clarified by centrifugation. The protein was purified from the soluble fraction using reversed phase chromatography (Nucleosil 100-7 C18 column; elution with a constant gradient of 0%-56% acetonitrile in 0.1% trifluoroacetic acid over 50 minutes at a flow rate of 10 ml/minute). Bet v 4-containing fractions were dried by vacuum concentration. Alternatively, contaminating proteins in the soluble fraction were precipitated by boiling at 90 8C for ten minutes and removed by filtration, 19 followed by dialysis against water, lyophilization, redissolving in 5-10 ml 20 mM Tris, 2 mM CaCl 2 (pH 8.0), and subsequent purification using size exclusion chromatography on a HiLoad 26/ 60 Superdex 75 HR column (Amersham Biosciences, Freiburg, Germany). Bet v 4-containing fractions were dialyzed against water and lyophilized. The preparation of apo Bet v 4 was carried out in the presence of 2 mM EDTA instead of CaCl 2 in lysis and purification buffers. For NMR studies samples of 0.7 -1.5 mM Bet v 4 in up to 20 mM sodium acetate (pH 6.0) with up to 25 mM CaCl 2 (holo Bet v 4) or 2 mM EDTA (apo Bet v 4) were prepared.
NMR spectroscopy
All NMR experiments were performed at 298 K on Bruker Avance400, DRX600, or DMX750 NMR spectrometers equipped with inverse N NOE values the evolution time increments in the indirect dimension of the spectra with and without proton saturation by applying a train of 1208 high-power pulses for the final three seconds of the relaxation delay of six seconds were recorded in an interleaved manner. Hydrodynamic radii were measured relative to 0.5% internal dioxane assuming a hydrodynamic radius of 2.12 Å 36 using pulse gradient stimulated echo longitudinal encode-decode (PG-SLED) translational diffusion experiments 59 J HNHa scalar coupling constants from the HNHA spectrum.
Structure calculation
NOE cross-peaks identified in the 2D and 3D NOESY spectra in an iterative procedure as well as hydrogen bonds and 3 J HNHa scalar coupling constants were converted into distance and F backbone torsion angle restraints, respectively, as described. 6 Together with a harmonic potential 64 for those D NH residual dipolar coupling constants with S 2 . 0:70 in the RSDM (Figure 3 ), using estimates from the powder pattern 65 of 212.7 Hz and 0.37 for the axial and rhombic component of the alignment tensor, respectively, these experimental restraints served as an input for the calculation of 90 structures using restrained molecular dynamics according to a three-stage simulated annealing protocol 66 using floating assignment of prochiral groups 67 with the NIH version 1.2.1 68 of X-PLOR 3.851 69 as described. 6 To reduce the high bond angle energy caused by inconsistencies in the original bond geometry parameter file parallhdg.pro, ideal bond angles at C a were reset to an ideal tetrahedron, ideal bond lengths and angles between the heavy atoms of proline set to standard values, 70 and ideal bond angles of proline involving one hydrogen atom adapted in steps of 0.58 to minimize root mean square bond angle deviations for the eight proline residues of the lowest energy structure of Pru av 1 6 after 1000 steps of Powell minimization 71 without introducing new atom types. Ideal bond lengths, bond angles, and improper angles between the calcium ions and its protein oxygen ligands were determined from a protoype obtained by averaging the atomic coordinates of the four NH 2 -terminal calcium clusters of two crystal structures of Paramecium tetraurelia calmodulin 72, 73 (atomic RMSD from this protoype 0.123(^0.021) Å ). The Gaussian conformational database potential 74 with a cutoff of 10.0 standard deviations, 75 a potential for direct refinement against the 13 C a and 13 C b chemical shift combinations 76 of the non-terminal residues except for glycine with a correction for residues followed by proline, 77 and a potential restraining the radius of gyration 78 of residues 5 -84 to 11.7 Å were included in the target function in order to improve the stereochemical properties, the agreement with 13 C chemical shifts, and the packing of the structures, respectively. The 25 structures showing the lowest energy values (excluding conformational database, 13 C chemical shift, and radius of gyration potential) were selected for further characterization using the NIH version 1.2.1 68 of X-PLOR 3.851 69 and PROCHECK 3.4.
32
Complete cross-validation
For complete cross-validation 33 the NOE distance restraints were randomly partitioned into ten test sets of roughly equal size (between 127 and 155). Ten sets of 60 structures were calculated, each of the sets with one of the distance restraint test sets left out. For those 21 structures of each set showing the lowest energy values, the RMSDs from the distance restraints not used for their calculation were determined after assigning the restraints from the nine working sets a relative weight of 10 compared to those from the test set in order to prioritize them during floating assignment of prochiral groups.
NMR relaxation data analysis
Relaxation rates were obtained by least-squares fitting of monoexponential decays to the peak heights extracted with NMRView 5.0.4 61 using the program Curvefit (Palmer, A. G., unpublished), with error estimation by the jackknife procedure. 15 N relaxation data at 600 MHz were interpreted by RSDM 79 followed by calculation of generalized order parameters S 2 as described by Bracken et al. 80 using residual overall tumbling autocorrelation times. Residues with large internal motions on the subnanosecond time-scale as indicated by low { 1 H} 15 N NOE values or involved in exchange processes as indicated by elevated transverse relaxation rates R 2 especially at 750 MHz in combination with normal longitudinal relaxation rates R 1 were considered to possess significantly increased internal mobility. 81 For these mobile residues the average value of the overall tumbling autocorrelation times of the rigid residues of 5.74(^0.38) ns was used instead of their own residual values for the calculation of the generalized order parameter S 2 : 80 These mobile residues were also excluded from the calculation of the rotational diffusion tensor based on the lowest energy structure of holo Bet v 4 using Tensor 2.0 82 with the default parameters.
Analytical ultracentrifugation
Sedimentation equilibrium and velocity experiments were carried out on an Optima XL-A/XL-I analytical ultracentrifuge (Beckman Coulter, Fullerton, CA, USA) equipped with both absorbance and interference optical detection systems using a Beckman An-60 Ti rotor with cells containing sapphire windows and titanium double-sector centerpieces (path length 1.2 cm; Nanolytics GmbH, Dallgow, Germany). Prior to centrifugation, holo and apo Bet v 4 were dialyzed against 50 mM sodium acetate, 2 mM CaCl 2 , 50 mM NaCl (pH 6.0) and 50 mM sodium acetate, 1 mM EDTA, 50 mM NaCl (pH 6.0), respectively. The protein concentration was determined via the BCA method. 83 The partial specific volume (0.7288 l/g) and molecular weight for apo and holo Bet v 4 (9316 Da and 9396 Da, respectively) based on the amino acid composition as well as the density of the buffers were calculated using the program Sednterp. 84 In the experiments using interference optics 3.33 fringes were taken as equal to 1 mg/ml protein. For sedimentation velocity experiments, samples (200 -250 ml) and reference (210 -260 ml) solutions were loaded into cells at initial total concentrations between 120 mM and 900 mM. Experiments were conducted at 20 8C at a rotor speed of 60,000 rpm using sapphire windows. Interference fringe displacement data were collected at time intervals of 30 seconds without averaging. Sedimentation velocity data was fitted either by a continuous size distribution cðsÞ or a non-interacting discrete species model and cðsÞ subsequently converted into a molar mass distribution cðMÞ 37 -39 using the program Sedfit 8.52 †. The diffusion coefficient DðsÞ was estimated based on the known partial specific volume of the protein and on the best-fit weight-average frictional ratio f =f 0 obtained from fitting the continuous size distribution. 37 Protein hydration was assumed to be 30% (w/w). 85 For the sedimentation equilibrium experiments the cells were filled with sample (130 -150 ml) and reference (140 -160 ml) solutions at loading concentrations between 120 mM and 900 mM.
Sedimentation equilibrium was attained at 24 hours at a rotor temperature of 20 8C and rotor speeds of 16,000 rpm, 20,000 rpm, and 24,000 rpm, respectively. Interferometric patterns recorded with pure water in the cell at appropriate speeds were used to correct for radius-dependent fluctuation in Rayleigh response across the cell. 86 Global data analysis of several datasets obtained at different loading concentrations and rotor speeds was performed using the Beckman XL-A/XL-I data analysis software 4.0 (Beckman Coulter, Fullerton, CA, USA) for fitting the self-association models and the program Sedfit 8.5 for the non-interacting discrete species model. Estimates of the weight-average molar masses M r were obtained from the least-squares fits based on the Boltzmann distributions of ideal species in the centrifugal field:
where SðrÞ is the experimentally observed concentration signal in fringes at radius r, Sðr 0 Þ is the concentration signal at the reference radius r 0 , s ¼ M r ð1 2 vrÞðv 2 =2RTÞ, M r the weight average molar mass of the monomer, v the partial specific volume of the solute, r the solvent density, v the rotor angular velocity, R the gas constant, T the temperature, and E the baseline offset, and on models found in the data analysis software involving multiple species. 87, 88 CD spectroscopy CD spectra of self-buffered 1.2 mM holo Bet v 4 in 25 mM CaCl 2 and 1.0 mM apo Bet v 4 (pH 6.0) from 185 nm to 260 nm were recorded on a Jasco J-810 Spectropolarimeter with a CDF-426S temperature control element using a step width of 0.2 nm, a band width of 1 nm, and a scanning speed of 50 nm/minute in cuvettes with a light path of 10 mm (Hellma, Mü llheim, Germany) at a temperature of 22 8C. To increase the signal-to-noise ratio eight scans were accumulated. The residue ellipticity Q MRW was calculated from the measured ellipticity Q according to:
where c denotes the protein concentration, d the light path, and N the number of residues. 89 The temperature dependence of the CD at 222 nm of 20 mM holo Bet v 4 in 1 mM CaCl 2 , 5 mM sodium acetate (pH 6.0) and of 20 mM apo Bet v 4 in 0.5 mM EGTA, 5 mM sodium acetate (pH 6.0) was measured in a cuvette with a light path of 1 mm (Hellma, Mü llheim, Germany) at heating and cooling rates of 1 deg. C/minute, allowing the calculation of the midpoint of the thermal transitions t m by non-linear least-squares fitting. 90 
Data bank accession numbers
Together with the experimental restraints the atomic coordinates of the set of 25 structures have been deposited with the PDB (access code: 1H4B). 1 H, 13 C, and 15 N chemical shifts, 3 J HNHa scalar coupling constants, and 15 N relaxation data of holo Bet v 4 have been deposited with the BioMagResBank (access code: 5490).
